I. INTRODUCTION
THIs paper presents and analyses data for three linked loci situated at the distal end of the sex chromosome of Drosophila.
A systematic analysis was made possible by arrangement of the data in an orthogonal 4 x 4 Latin square. This arrangement allows factors such as viability and misclassification to be detected and removed so as to obtain accurate estimates of the recombination values.
In the past, little use has been made of this design although some examples may be quoted (Anderson, 1921 ; Bridges and Morgan, 1916 , 1919 , 1923 , and Wallace, 1947 , 1957 .
In the data presented in this paper significant differences of genotypic viability were found. After this viability effect had been allowed for, there was a significant variation in recombination according to the arrangement of the genes in the triple heterozygote. This may be explained as a position effect.
METHOD
The loci studied were scute (sc), cross-veinless (cv) and vermilion (v) situated at the distal end of the sex-chromosome. Scute is at o, cv at I37, and v at 330 (Bridges and Brehme, i gz) . One Canton-S wild type female was mated to sc cv v males and the resultant heterozygous females backcrossed to sc cv v males. The segregants from this mating were then intercrossed to obtain the four triply heterozygous females sc cv v sc 4--i--sc cv + sc + v
++±±CVV -±v '
The members of any one of these four triply heterozygous genotypes were first cousins to the members of the other three. Within the triply heterozygous genotypes sccvv sccv-jand , all females were sibs but within the other two genotypes +++ ++v there were some first cousins. In the latter case a single mating did not supply enough triple heterozygotes and progeny from a second mating had to be used. Twenty-five virgin females of each genotype were held until they were 48 hours old to avoid excessive fluctuations in recombination due to age differences (Schultz and Redfield, 1951) . They were then mated separately to sc cv v males for 24 hours only, to prevent heterogeneity due to overcrowding. The entire experiment was carried out at 25° C. to avoid variations in recombination due to temperature differences (Plough, 1917) . When the flies commenced to emerge, classification was carried out daily to minimise any losses after birth due to poor viability of any of the genotypes. Classifying the three mutant genes was easy and could be done H2 In G the double recombinant class was added to one of the single recombinant classes as it was very small. t Significant at P = ooi.
Significant at P = 002.
of the pair, assuming no viability or other disturbance, should be in a I : i ratio. Assuming a i i ratio, a x2 test may be carried out for each pair of complementary genotypes for each of the four heterozygous female parents separately, and also on the grand totals of each compielnentary pair. The difference between the sum of the four x2 values for one degree of freedom each, and the x2 on the grand total will give an approximate heterogeneity x2 for each complementary pair ( Comparison of these expectations with the observed data (table i) gives a general test of disturbance. In this case was 548798 for nine degrees of freedom which is highly significant.
Viability differences between the pairs of genotypes E, F, G, H, which may have disturbed the linkage relationships will become evident by comparison of observed with the expected frequencies (Fisher, giving x2 = 58930 for three degrees of freedom such that 0., <P<o2. Using Fisher's (1949) method a more exact X2a was I26O78 which is significant at P = ooi. This viability X2s is, however, a small portion of the total X29 = 548798.
REMOVAL OF VIABILITY DISTURBANCE-METHOD
As a first approximation, the method of Fisher (i4) is appropriate to remove viability disturbances, but the following iterative method due to Dr A. R. G. Owen provides a solution to any desired degree of accuracy.
Let p, q, r, s be the frequencies of the four modes of gamete formation and a, b, c, d be unknowns proportional to the number of zygotes found in each mating type (heterozygous female parent). Let u, v, w, t, be the average viability of the complementary pairs E. F, G, H.. Putting x1 = X1 =)i = = z1 = Z1 = i will give a set of 122 P. A. PARSONS equations which by iteration will give a maximum likelihood solution to any desired degree of accuracy.
= AX3-y3z3-x2y4;-x4y2z2 = AX4-y4z4-x2y3z3-x3y2z2
3)2 = AY2-x2z2-y3x4z4-y4x3z3 = AY3-x3z3-y2x4z4-y4x2z2
3)4 -AY4-x4;-y2x3z3-y3x2z2
From these, values for a, b, c, d and p, q, r, s and u, v, w, t can be obtained. The values p, q, r, s will give the frequencies of modes of gamete formation from which, by addition, the recombination values may be calculated.
REMOVAL OF VIABILITY DISTURBANCE FROM THE DATA UNDER DISCUSSION
The method outlined in the last section gave values for p, q, r, s p = o665,685 q = o127,645
From these, the corrected recombination values shown in table 5 were calculated. These are compared with the crude values calculated directly from the observed data. if such a phenomenon had affected all the members of one female genotype equally the x2 values for table 2 would be expected to be non-significant. It can be concluded from the lack of heterogeneity in both of these tests that there was no lethal or structural re-arrangement affecting the data.
Dubinin (1933) discusses step-allelomorphism of the achaete-scute gene which would lead to misclassification if present. The scute gene that was used was not of variable manifestation and there was no indication of any error in breeding due to misclassification. (Owen, 1953) may be calculated using the formula: K -n2n12 where n1 = a, + a12
and a1 show recombination in segment i (sc-cu) a2 show recombination in segment 2 (cu-u) a12 show simultaneous recombination in both segments. To test departure of K from unity we may calculate
where V(K) is the sampling variance at K = i (Owen, 1953) . These tests are tabulated in table 8.
Despite the variation in the recombination fraction according to maternal genotype, the four K values, which are all significantly less than unity (table 8) , do not differ significantly from each other. Low K values such as these are expected for the distal end of the long arm of a chromosome on the basis of Owen's theory of genetic recombination (Owen, 1950) .
DISCUSSION
A brief mention of the earlier use of orthogonal design in threepoint data is appropriate. Bridges and Morgan (1916 , 1919 , 1923 published three-point data in Drosophila using this design. They assumed that tabulation of their data into a 4 x 4 Latin square would in itself remove spurious effects without further calculation. If only one gene is of lowered viability, calculation of recombination values from the column totals of the observed data is accurate, but if more than one gene is of lowered viability preliminary calculation of the type described by Fisher (1949) or the method outlined in this paper must be employed. There were no tests to detect differential viability or any other type of disturbance in these early data. It cannot be ascertained to what degree the environment was controlled in these experiments but there is frequently heterogeneity between individual matings and in some cases heterogeneity between members of a pair of complementary genotypes. In maize, Anderson (1921) published data arranged as a 4 X 4 Latin square, but they are heterogeneous probably due to misclassification which was mentioned as a source of errol' by the author.
More recently Wallace (ig, 1957) has published homogeneous data for the house mouse. In the former paper recombination values significantly greater than 50 per cent, were detected in the sex chromosome and the latter paper refers to an experiment using three markers of linkage group V to obtain accurate interference data.
It can be concluded that much of the early three-point linkage data is not of great accuracy, either because of heterogeneity, or because of some disturbance, undetected due to the lack of orthogonality. Wallace's recent work on mice is, of course, excluded from this criticism for it shows how these difficulties may be overcome.
We have at present little knowledge as to variation produced in the estimate of recombination value caused by extraneous genetic and environmental factors. In the experiment described in this paper, factors likely to cause heterogeneity were controlled as much as possible.
The orthogonal 4 X 4 Latin square design used in the analysis enabled viability disturbances to be removed by the method given in this paper, so as to obtain good estimates of the recombination values. This design is most efficient when the total progeny from each of the four mating types are approximately equal. In the data under discussion totals were 2404, 2433, 2070 and 2525 giving tolerable efficiency.
As well as a viability disturbance in the data, there was found to be a significant variation in recombination according to the arrangement of the genes in the maternal genotype. This variation occurs in the distal segment of the chromosome only, namely sc -cv, and not in the segment cv-v. The variation in this segment cannot be ascribed to the coupling and repulsion arrangement of the genes in the parent, since, as can be seen from table 8, maternal genotypes (i) and (iii) are in coupling for sc-cv, and (ii) and (iv) in repulsion, and the members of each pair differ greatly. The genes cv-v are in coupling in (i) and (ii) and in repulsion in (iii) and (iv) ; the members of each pair are unequal and are only sub-significantly different. Even so, the recombination value varies sufficiently to regard the offspring from the four different maternal genotypes as separate entities.
This phenomenon is in all probability due to a type of position effect dependant upon the arrangement of the genes in the heterozygote. Such a position effect may, of course, be restricted to the distal end of the chromosome. Equally careful tests in other regions of the same and different chromosomes should throw light on this interpretation.
SUMMARY
i. An orthogonal three-point linkage test was carried out in the sex chromosome of Drosophila melanogaster.
2. Significant differences in genotypic viabilities were found.
Allowance was made for these differences in estimating recombination values for the three segments.
3. The estimates of the recombination values so obtained were found to vary according to the arrangement of the genes in the heterozygous parent. This may be interpreted as a position effect.
4. Kosambi values were calculated for each maternal genotype. These were found to be homogeneous and all significantly less than unity.
. A brief mention is made of adequate control and orthogonal design in three-point linkage studies. Without these precautions the position effect discussed could not have been detected.
